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ABSTRACT 

The progenitors of Type la Supernovae (SNe la) are still not known, despite significant progress during 
the last years in theory and observations. Violent mergers of two carbon-oxygen (CO) white dwarfs (WDs) 
are one candidate suggested to be responsible for at least a significant fraction of normal SNe la. Here, we 
propose a new, robust, explosion mechanism for violent mergers that works for CO primary WDs with CO as 
well as helium (He) WD companions. In this mechanism a detonation in the leftover He shell on top of the 
primary CO WD triggers a second detonation in its core, similar to the well-known double-detonation scenario 
for helium-accreting CO WDs. However, in contrast to that scenario where a massive He shell is required to 
form a spontaneous detonation, in the proposed scenario the He detonation is ignited dynamically by a merger 
of the binary system or instabilities in the accretion stream. Accordingly the required helium-shell mass is 
significantly smaller, and hence its burning products are unlikely to affect the optical display of the explosion. 
We show that this scenario has the potential to explain the different brightness distributions, delay times and 
relative rates of normal and fast declining SNe la. Finally, we discuss extensions to our unified merger model 
needed to obtain a comprehensive picture of the full observed diversity of SNe la. 
Subject headings: Supernovae: general, white dwarfs, binaries: general 



1. INTRODUCTION 

Historically, Type la supernovae (SNe la) have been be- 
lieved to be a uniform class of objects. However, over the 
past two decades large supernova surveys have revealed that 
this class is in fact rather inhomogeneous. Nonetheless, 
until recently, it has been argued that most - if not all - 
SNe la originate from delayed detonations of Chandrasekhar- 
mass carbon-oxygen (CO) White Dwarfs (WDs) accreting 
hydro gen-rich material fr om a non-degenerate companion star 
(e.g. |Mazzali et al.|2007T> . 

Lately, however, an increasing number of observational 
constraints have challenged this idea. In particular, the very 
nearby nor mal SN la 201 lfe did not show any signs of a com- 
panion star (Li et al. 2011 ; Bloom et al. 20 12]>, nor any sig 
nature of hydrogen in nebular spectra ( Shappee et al.|[2013 



which is expected in the single-degenerate scenario owing to 



material str ipped from the companion (Marietta et al. 2000 
Leonard 2007 ). Moreover, there is a growing number of SN la 
remnants i n which no remaining companion star could be 
found (e.g. |Schaefer & P agnotta 2012| 



Gonzalez Hernandez! 



et al.|[2012[ ). Also, population-synthesis studies predict that 
the expected rate of single-degenerate Chandrasekhar-mass 
explosions is at least a factor of a few below the o bserved 
rate (e.g. |Ruiter et al.]|2009[ JMennekens et aL]|2010| but see 
Han & Pod siadlowski 2004 for a different resuitj! 

Double-degenerate systems, in contrast, avoid most of these 
problems: there is no surviving companion star expected and 
they can naturally explain the absence of hydrogen features 
in late-time spectra. At the same time, recent first-principle 
three-dimensional simulations of violent mergers of tw o CO 
WDs reproduce subluminous and normal SNe la well fPak-| 
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more t al. 2010] [20121 [Ropke et al.|2012 i. 

Here, we discuss a new idea for the explosion mechanism 
in the violent-merger scenario and show how it enables us to 
construct a comprehensive picture for SNe la. 

The paper is outlined as follows. In Sect. [2]we discuss the 
proposed explosion mechanism for violent mergers. We then 
describe how this naturally leads to two distinct populations 
of SNe la in Sect. [3] Sect. H] presents the expected bright- 
ness distributions, rates and delay times of both populations 
in the context of observational constraints. In Sect. [5] we dis- 
cuss some peculiar sub-classes of SNe la and how they can be 
integrated in our unified model for SNe la. We conclude with 
a brief summary in Sect. [6] 

2. VIOLENT MERGERS REVISITED 



In a violent merger of two CO WDs (Pak mor et al.|20i0 l, 
a carbon detonation is assumed to form on the surface of the 
primary (more massive) WD when the secondary is about to 
be destroyed by tidal interactions and mass transfer heats up 
the surface of the primary to very high temperatures. The 
ensuing detonation burns and completely unbinds the merging 
object. 

Although violent mergers are able to reproduce many ob- 
servational character i stics o f subluminous and normal SNe la 
( [Pakmor et aT1[20T0l [20121 |Ropke et al.1[20T2[ ), it is debated 
whether a carbon detonation can really form under the tem- 
perature and density conditions found on the surface of the 
primary WD (IPakmor et al ||20T0] |Dan et al.||20TT| |Raskin 
|et al.|2012[|Pakmor et al.|2012[|Seitenzahl et al.|2009) . How- 
ever, forming a helium (He) detonation requires much lower 
temperatures and dens ities compared to a carbon detonation 
(|Seiten zahl et al. 2009), which are easily reached in the simu- 
lations. 

Since most CO WDs have a small but non -negligible He 
shell (10" 3 



to IQ- 1 M s , 



Iben & Tutukov||1985| , the He will 
start to burn during the final stages of the merger, and a det- 
onation may emerge. We argue that this He detonation forms 
either by the impact of the secondary on the primary WD 
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Figure 1. In the helium-ignited violent merger model a detonation forms in 
the thin He shell of a CO WD, either by the impact of the secondary WD or 
by accretion instabilities. Once a helium-shell detonation has been ignited, a 
converging shock runs through the CO core and triggers a secondary CO det- 
onation that completely disrupts the system. The proposed mechanism works 
both for CO- and He-WD companions (as indicated by the two branches in 
the figure). 



when the se condary is about to be destroyed (see e.g. [Pakmor] 
et al.|2012) or already before by instabilities in the accretion 
stream if mass transfer becomes dynamical (Guillochon et al. 
2010 1. In both cases, the detonation forms shortly after mass 
transfer sets in, i.e. before a significant amount of mass can 
be transferred from the companion to the primary. 

Once a helium-shell detonation has been ignited, a second 
detonation in the CO core is unavoidable whe n the shock from 
the shell detonation converges in the core ( Fink et aL|2 007). 
This mechanism has been shown to work down to helium - 
shell masses of only a few times 1O~ 3 M0 (Fink et al. 2010), 



thus providing a much more robust ignition mechanism for 
violent mergers than the previously discussed carbon surface 
ignition. Moreover, it works independently of the nature of 
the secondary (He or CO WD) and even for rather small mass 
ratios of the binary system (a sketch of the helium-ignited 
violent-merger model is shown in Fig.[T|. 

3. THE OBSERVATIONAL DISPLAY OF VIOLENT MERGERS 

The explosion mechanism described above directly sug- 
gests that there are at least two different populations of SNe la, 
which originate from explosions in pairs of CO WDs and 
CO/He WDs, respectively. For the subsequent discussion 



it is irrelevant whether the explosion is caused by a merger 
or instabilities in the accretion stream, since they only differ 
slightly in the distance between primary and secondary WD 
at the time of the explosion. 

In both populations, the amount of 56 Ni synthesized in the 
explosion, and therefore the intrinsic brightness, correlates di- 
rectly with the mass of the CO primary WD, since the central 
density of the secondary WD is always below the threshold 
for 56 Ni production at the time of detonation. However, de- 
pending on the nature of the secondary WD, the total mass of 
the ejecta changes. In addition, details of the density profile 
and composition structure of the ejecta depend on the interac- 
tion of the the ashes of the primary WD with the secondary. 

Carbon-ignited violent mergers of two CO WDs have al- 
ready been shown to reproduce the light c urves and spectra of 
norma l SNe la fairly well (Pakmor et al.||2012 Ropke et al. 
2012| l. Whether this holds for helium-ignited violent merg- 
ers has to be investigated by detailed simulations. In helium- 
accreting sub-Chandrasekhar-mass double-detonation mod- 
els the spectral properties are highly sensitive to the burning 
products of the He shell (e.g. |Kromer et al.pO lO). However, 
in these models it is assumed that the He shell grows mas- 
sive enough to become dynamically unstable and ignite spon- 
taneously (Bild sten et al.|[2007] l. In contrast, in our merger 
model, for a given primary WD mass the He shell is less mas- 
sive than in those models. Therefore, it is conceivable that in 
our scenario the ashes of the He shell will have little or no 
effect on spectra and light curves. 

It has also been shown that mergers of two low-mass 
CO WDs reproduce color s and spectra of ob jects similar 
to SN 1991bg very well ( |Pakmor et~al1 120 10) . However, 
such mergers fail to reproduce the narrow, fast evolving light 
curves of 1991bg-like SNe. The light curve width of SNe la 
is mainly set by the amount of 56 Ni synthesized during the 
explosion since the 56 Ni also provides a significant part of the 
total opacity of the ejecta. As a consequence brighter explo- 
sions have typically more slowly declining light curves. For 
a given 56 Ni mass, however, the total ejecta mass will also 
affect the light curve width. We therefore propose that the 
progenitors of fast declining SNe la (most notably 199 lbg- 
like objects) might be binaries of He and CO WDs. The nar- 
row light curves could then be understood as a natural con- 
sequence of the smaller ejecta mass. At the same time, the 
spectral properties and colors of the explosion could be ex- 
pected not to change drastically compared to a merger of two 
CO WDs with the same primary mass, since the secondary 
WD, which is burned after the primary, only affects the cen- 
tral parts of the ejecta (Pakm or et al.|2012) . 

4. BRIGHTNESS DISTRIBUTIONS, RATES AND DELAY TIMES 

To explain the observed diversity of SNe la with a theoret- 
ical model, it is necessary to reproduce not only light curves 
and spectra of single objects, but also the brightness distribu- 
tion of objects of different sub-classes, their relative rates, and 
their delay times. 

In this regard, we base the analysis of our scenario on one 
specific population-s ynthesis model tha t has been de scribed 
in a set of papers (Ruit er et al.||2009] |201 1| |2013) , since 
it is possibly the most detailed model published at the mo- 
ment. Note that other population-synthesis models find partly 
to vastly different results, which introduces significant uncer- 
tainties and may alter some of our conclusions. 

Ruite r et aL] ( |2013] ) have shown that carbon-ignited violent 
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Figure 2. Observed diversity of SNe la in Am^iB) vs. M B p ea k space as 
found in a sub-sample of the data presented in tables 8 and 9 of Hic ken et al.| 
1 2009 1 where SNe without a Amis(B) measurement and a distance modulus 
]x < 33 mag have been r emoved. Most of these SNe la ar e normal and follow 
the|Phillips et al.|(l999l relation Additional datapoints jPhillips et al.|2007l 
Taiibenberger et al.|20U8l|2011| |Kr isciunas et al"| 2009 Magui re*eT*al.|201 1[ 



aneshalingam et a l.|ZU12) have been included to indicate the position ot the 
peculiar sub-classes discussed in the text. Except for 2002cx-like SNe, our 
unified merger model potentially explains the full observed diversity. Explo- 
sions in CO/CO binaries are expected to have more-slowly declining light 
curves than those in CO/He binaries (indicated by the background-color gra- 
dient). 

mergers of two CO WDs can not only explain the brightness 
distribution of normal SNe la but also their observed delay- 
time distribution and rates. Moreover, they found a tendency 
that mergers with more massive primary WDs, which lead to 
brighter supernovae, preferentially occur in younger popula- 



tions, consistent with obs erved trends (see e.g. |Gupta et al. 
|2011| l. However, |Ruiter et al.| ( |2013| ) find not enough sys- 
tems to account for the observed number of faint SNe. In 
nature those have predominantly fast light curves similar to 
SN 1991bg (see Fig. |2), but there seems to emerge a sparse 
population with low luminosities yet slowly evolving light 
curves similar to SN 2002es and PTFlOops (Maguir e et al. 
|201 1 | |Ganeshalinga m et al.|2012| see also Fig.|2Jl which might 
be consistent with the mergers of low-mass CO WD binaries. 

In contrast to mergers of two CO WDs, the distribution 
of mass-transferring CO/He WD binaries is found to have a 
strong peak between 0.8 M and 0.9 M© for the mass of the 



primary WD ( Ruiter et al.|201 1 1. Although stable mas s trans- 
fer is a ssumed for the binary systems discussed in Ruit er et aL] 
( |201 \\ , we argue that a significant fraction of them may either 
merge (Dan et al. 201 1 1 or cau se a He detonation due t o insta- 
bilities rn - tEe~accretiofi stream (Guillochonetar]20l0). Since 
this, in case, happens soon after mass transfer sets in, the core 



mass of a CO WD in Ruiter et al. ( |201 1 1 is still a good indica- 
tor for the absolute brightness of the subsequent explosion. In 
general, binaries with a He WD secondary should therefore 
lead to fainter explosions since their primaries are typically 
significantly less massive than those of CO WD binaries. 

Mergers with a primary WD mass around 0.9 M© should 
produce a 56 Ni mass very close to that required for 199 lbg- 
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Figure 3. Histogram of the o bserved number of SNe la as a function of 
Am[}(B) (data from table 9 of ( Hicken et al. 20091). The distribution shows 
some indication for bimodality which might be identified with the two differ- 
ent companion populations in our model (illustrated by the background-color 
gradient as in Fig.|2l. 

like SNe la ( |Pakmor et al.|2010||Sim et al.|2010| l. For those 
primary masses, the rate of potentially exploding CO/ He WD 
binaries do minates over that of pure CO WD binaries ( jRuiter| 
et al.|20lT i. Since these systems will also have narrow light 
curves (see discussion above) they would naturally explain 
the population of 1991bg-like SNe. Moreov er, the very long 
delay times of these explosions (> 1 Gyr; |Ruiter et al.|201l| 
are in good agreement with the observed tendency of 199 lbg- 
like SNe to arise in old stellar populations. 

Population synthesis calculations also find a sparsely pop- 
ulated t ail of CO/He WD binaries towards larger primary 
masses (R uiter et al.|201l) . Explosions of such systems can 
reach luminosities more typical for normal SNe la but should 
still have faster light curves similar to 1991bg-like SNe. Ob- 
servationally, these events mi ght be identified with objects 
like SN 200 3gs or SN 2007au ( Krisciun as et al |2009||Hi"cken 
et al.J2009| see Fig. [2|. 

It is interesting to note that the two populations may also 
provide a natural explanation for the observed bimodal distri- 
bution of SNe la in Ami5(B)-space which some SN data sets 
suggest (see Fig. [3]>. 

5. A COMPREHENSIVE PICTURE FOR TYPE IA SUPERNOVAE 

Having presented a model that claims to explain a large part 
of the observed diversity of SNe la, we now investigate if 
other sub-classes identified in the literature can also be in- 
corporated to obtain a comprehensive picture. 

5.1. Type la Supernovae with CSM interaction 

There is evidence that some fraction of SNe la show signs 
of CSM interaction. So far, this has mostly been interpreted 
as support for the single-degenerate scenario where recurrent 
nova outbursts are expected to produce shell-like density en- 
hance ments in the outflows from a companion star (Patat et al. 
[20TT| >. 

However, also the violent merger scenario predicts a range 
of observable CSM-interaction features, depending on the de- 
lay between the last common enve lope (CE) and the super- 
nova explosion. As discussed in Ruiter et al. ( |2013| l, about 
0.5% of the violent mergers of two CO WDs explode less than 
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1000 years after the last CE event. Therefore, for these objects 
the material expelled in the CE phase is still close t o the ex- 
plosion site and interaction is unavoidable (see, e.g. Livio & 
|Riess|2003) . 

If the delay between the last CE phase and the explosion 
is not too large there are three different regimes of CSM in- 
teraction in violent mergers. In most cases, the CE material 
will only be visible in absorption, potentially producing vari- 
able absorption-line featuresTjln rare systems with very short 
post-CE delays, the explosion ejecta will interact directly with 
the CE material, givi ng rise to hydrogen emission lines as ob- 
served for PTFllkx (Dilday et al. 2012). Finally, if the vio- 
lent merger happens already during the CE phase, interaction 
will considerably contribute to the light curve and the explo- 
sion may a ppear as a Type Iln s upernova at certain phases (cf. 
SN 2002ic; |Livio & Riess|2003l 

Since the contribution of the inspiral by gravitational-wave 
emission to the total delay time for violent mergers with 
CSM interaction is very small, we predict that they only oc- 
cur in young stellar populations and should be absent in el- 
liptical galaxies. In contrast, the traditional interpretation 
as sin gle-degenerate symb iotic systems predicts long delay 
times (Hachisu et al. 2008]). 

5.2. Superluminous Type la Supernovae 

Superluminous SNe la, which are significantly brighter 
than normal SNe la , have been a puzzle to explain so far (e.g. 
Howell et al.|2006 i. Recently, there is increasing support for 



the idea that they may be normal SNe la enshrouded with a 
CO envelope that contributes light at early times and produces 
dust at very late times (Hachi nger et al.|2012| Taubenberger 
et al. submitted). 

Such a structure might be explained by mergers of two mas- 
sive CO WDs which do not have sufficient He available to 
form a detonation in the He shell of the primary WD, if this 
shell exists at all. If the carbon then does not ignite directly 
during the merger, the disrupted secondary will form an ac- 
cretio n disk and a hot extended envelope around the primary 
WD ( |Shen et al.|2012| ). Accretion onto the central WD might 
cause it to explode as a SN la a short time later (Zhu et al. 
[2012] ). 

5.3. 2002cx-like Type la Supernovae 

In our picture, the vast majority of SNe la can be ex- 
plained in terms of double-degenerate progenitors, with- 
out the need for explosions of Chandrasekhar-mass WDs. 
2002cx-like SNe la, ho wever, are differe nt since they require 
strongly mixed ejecta ( |Jha et aL"1 |2006) that cannot be pro- 
duced in a detonation. As shown recently, pure deflagrations 
of Chandrasekhar-mass C O WDs ignited off- center reproduce 
2002cx-like SNe la well ( |Kromer et al.|2013| ). Note that these 
explosions do not completely burn the WD, but leave behind 
a compact remnant (Kro mer et al.|2013 Fink et al., in prep.). 



6. SUMMARY 

In this paper, we have introduced a new ignition scenario 
for double-degenerate systems in which a violent merger or 
accretion instability causes a thin He shell on the surface of 

4 Future observations of CE remnants are required to investigate whether 
such objects can reproduce the structure of distinct CSM shells as observed 
for e.g. SN 2006X i |Patat et al.|2007) . Potential candi dates for CE remnant s 
are planetary nebulae with central binary systems (e.g. Miszalski et al.|201 II. 



the primary CO WD to detonate immediately after the on- 
set of mass transfer. Like in the double-detonation explosion 
scenario for helium-accreting sub-Chandrasekhar-mass WDs, 
this He detonation subsequently leads to a detonation of the 
underlying CO core, which completely unbinds the progenitor 
stars. 

The new scenario works independently of the nature of the 
secondary (He or CO) WD. We have argued that the two 
types of progenitor systems lead to two distinct populations 
of SNe la: mostly faint, fast declining objects for He compan- 
ions and bright, slowly declining SNe for CO companions. 
This may naturally explain the observed bi-modality of SNe la 
in Amis(B) space. We have also shown that population syn- 
thesis qualitatively predicts brightness distributions, relative 
rates and delay times for these two populations in agreement 
with observational data. 

Finally, we have combined o ur new scenario wit h a recent 
model for 2002cx-like objects (Kromer et al. 2013 i to con- 
struct a comprehensive picture of SNe la that is in principle 
able to explain all major sub-classes including superluminous 
SNe la and SNe la with CSM interaction. 
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